We report novel time-resolved studies using fs laser pulses that illuminate the dynamics of ultrashort pulsed laser ablation of materials. We clearly show for the first time that dielectrics are strongly charged at the surface on the fs time scale and the material can undergo an impulsive Coulomb explosion leading to the removal of fast ions of equal momenta. Such behaviour is not detected from metals and semiconductors where the surface charge is effectively quenched before this can occur. The experimental results are compared with calculations.
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The need for enhanced controllability and reduced collateral damage in laser micromachining is pushing fs lasers to the forefront of material processing. Concomitantly, this has stimulated an increased interest in probing and understanding the nature of excitation, the detailed dynamics of the energy redistribution in irradiated solids, and the precursor mechanisms for material removal [1] . Recently, the observation of fast ions in the initial "gentle" phase [3] of fs laser ablation of sapphire was reported, where ions of different mass have the same momenta. This was interpreted as originating from an impulsive, macroscopic Coulomb explosion of the charged dielectric surface [3] . Under conditions where this mechanism is dominant, the irradiated surface appears smooth and material removal can be accurately controlled on the nm scale [2] . At higher laser fluence or after a number of incubation pulses the ablation behavior changes ("strong" phase [2] ), the majority of ions are slower and the ions tend to have the same kinetic energy [3] . Here, we explore the dynamics of the initial stages of excitation in solids leading to charging, heating and material expulsion and emphasize for the first time the materialdependent competition between non-thermal and thermal mechanisms on the ps and sub-ps time scale. The excitation, energy redistribution and material removal dynamics are studied by fs pump-probe techniques where the positive ion and electron emission is monitored as a function of the delay between two sub-threshold 100 fs, 800 nm laser pulses. We compare the behavior of dielectrics (Al 2 O 3 , a-SiO 2 ), semiconductors (Si) and metals (Au). We find confirmation of the Coulomb explosion mechanism for dielectrics and quantify the magnitude and time scale of the charging process.
The experimental set-up has been described previously [3] . The Ti:sapphire laser beam was divided into two ppolarized beams with equal energies that lay just below the ablation threshold for the second pulse [4] . The probe passed through a variable delay line and was then aligned collinear with the pump beam. Positive ion mass spectra or electron spectra were recorded with a time-of-flight (tof) mass spectrometer as a function of the temporal delay between pump and probe. The extraction grids of the spectrometer were arranged parallel to the substrate with a 25 o incidence of the laser. A delayed pulsed extraction technique allowed the determination of the mass-resolved velocity distributions of the positive ions [3] .
Figure 1(a) shows the tof spectra of the electrons emitted from Al 2 O 3 in the gentle phase (4 J/cm 2 , 200 fs ), measured at a distance of 6.5 cm from the substrate surface and normalized to the individual maxima. There are two major contributions to the signal. The prompt electrons [5] , with energies on the order of eV, were detected directly on a microsphere plate detector (sample negatively biased at 80 V). The slower (meV) "plume" electrons were recorded as a function of the delay time between the laser pulse and the extraction field (voltage gradient of 70 V/cm). The slow, "plume" electrons overlap in time with the positive ions (shown on the plot) and they can thus be regarded as plasma electrons, being trapped by the positive charge in the plume [3] . The prompt peak is shown on an expanded scale in Fig. 1(b) . Here, the prompt electrons from Al 2 O 3 are plotted, as are the prompt electrons from metallic Al (at 1.1 J/cm 2 ). The arrival time of the electrons from Al 2 O 3 is delayed compared to the Al case due to surface charging. Kinetic energy analysis shows that the electron energies from Al 2 O 3 (but not from Al) are lower than the applied bias voltage, clearly indicating surface charging effects.
The prompt electron peak is most likely due to photoemission and leads to neutrality breakdown and strong surface charging inducing the electrostatic surface breakup. Daguzan et al. [6] have associated such fast electrons, observed from quartz, with free carrier absorption in the conduction band and photoemission.
Pump-probe measurements for both prompt electron and Al + production from Al 2 O 3 are shown in Figure 2 . The ion data was obtained by choosing two different velocity windows for the detected ions and scanning the pump-probe delay in both cases. The velocity windows were chosen to select fast "Coulomb exploded" ions seen predominantly during the gentle ablation phase (2×10 4 ms −1 ) and the slower "thermal" plume ions (1.2×10 4 ms −1 ) seen predominantly during the "strong" ablation phase [3] . The pump-probe signal from the faster ions shows a double peak structure whereas, the slower ions have a single peak onsetting at a pump-probe delay time of about 1 ps. The ions within the first peak are present on a sub-ps time scale, too fast for a thermal mechanism to develop, they have mass-independent momenta [3] and have been associated with an impulsive electrostatic ejection. The insert shows the ion velocity distributions measured at pump-probe delays of 0.6 and 12 ps respectively confirming high velocities for the ions from the first peak and a shifting of the distribution towards slower velocities related to surface heating at longer times. The second peak from the fast ion signal is due to the high energy tail of the thermal ions and follows closely the energy transfer to the lattice populating the phonon modes. The pump-probe data are not directly related to the time of ejection but give information on the time scale for energy coupling and redistribution within the sample. It can be clearly seen from the lower part of the figure that the prompt electron pump-probe dynamics correlate very well with that of the first peak in the fast ion signal, indicating that photoemission is indeed the origin of the observed ion Coulomb explosion. The electron
FIG. 2: a) Al
+ yield as a function of delay between two equal, sub-threshold 100 fs pulses. Squares: "Fast" ions with a velocity of 2×10 4 ms −1 . Full lines indicate the two different contributions to the signal. Circles: "thermal", plume ions with a velocity of 1.2×10
4 ms −1 . Insert: velocity distributions measured at two pump-probe delays: Circles: 12 ps, squares: 0.6 ps. b) Prompt electron signal under the same pump-probe conditions (bias 200 V).
photoemission rate (mapping the energy in the conduction band) decreases on a time scale of 1 ps which shows the relaxation of the highly excited free electrons created by the first laser pulse in the conduction band of Al 2 O 3 . If the hot electron population produced by the pump pulse decays, transferring electronic energy to lattice excitation, there may not be sufficient charging from the second laser pulse to produce the macroscopic surface Coulomb explosion. The thermal ions appear on the ps time scale given by the electron-phonon coupling and subsequent increase in the lattice temperature followed by heat dissipation, thus confirming the picture of the excitation and relaxation dynamics.
Pump-probe measurements of the Si + ions produced from a-SiO 2 behave similarly, as shown in Figure 3 , with fast Coulomb exploded ions observed on the sub-ps time scale as before. The main difference compared to Al 2 O 3 is that the thermal ions onset at an earlier time. This is consistent with the fast (150 fs) electron relaxation and self-trapping in fused silica leading to an efficient early transfer of energy to the lattice [7] .
The situation looks quite different for Si and Au samples (Fig. 3b) . We observe almost no ions from Si within the sub-ps temporal range of the Coulomb explosion peak for our conditions (pump fluence 80% of the single-shot ion emission threshold). Instead, we see an increased positive ion yield when the Si lattice has thermally melted, on the time scale of 4-10 ps, in very good agreement with time-resolved X-ray diffraction detection of the thermal response of the Si lattice [8] . The ion emission on this time scale can be explained by the more efficient photon energy coupling in molten Si compared to solid material. Figure 3 also shows the results of pump-probe measurements on a 1 µm thick Au film on quartz. Again, we have not found any evidence of Coulomb explosion from the Au film. As for Si, the ion yield is enhanced after the surface has melted on the 10-100 ps time scale. Recent results on the pump-probe dynamics of fs ablation of metals (Al, Fe, Ni) have shown similar ion emission for delay times on the 10-20 ps time scale attributed to the development of a liquid surface layer [9] . This time scale is expected to be longer for Au due to the lower electron-phonon coupling [19] .
To explain the observed behaviour we have calculated the electronic dynamics including surface charging effects for Al 2 O 3 , Si and Au. First results, Figure 4 , show that sufficient charge can be accumulated at the dielectric surface to initiate Coulomb explosion on the 100 fs time scale. With semiconductors and metals, the higher electron mobility and higher density of available free electrons ensures effective screening and a much smaller net positive charge accumulation during the laser pulse that is not sufficient, by orders of magnitude, to induce a macroscopic electrostatic break-up of the outer layers of the substrate.
The full details of the model will be given elsewhere. The bulk substrate is divided into layers each of depth 5Å and the time dependence of charging and relaxation is calculated for each layer using appropriate boundary conditions. For the purposes of this letter we are mainly interested in the induced charge at the outer layer of the bulk material. We use a slightly different approach for metals compared to dielectrics and semiconductors.
For Al 2 O 3 , we write the continuity equation in the onedimensional case for free electrons excited by the laser pulse (multiphoton ionization seeded avalanche) as:
where J is the current density, e the electron charge, σ 6 I 6 is the rate of multiphoton ionization (for 800 nm photons), n x is the density of particles (a: neutral atoms, i: positive ions, e: electrons), I is the laser intensity, αn e I is the avalanche term, R e is the recombination and P E the photoemission rate. The rate of multiphoton ionization and the avalanche coefficient were based on a fit to the experimental results for the optical damage thresholds at different pulse durations [4] following a similar approach to [10] (taking into consideration the observed decay in the threshold electron density at longer pulse durations [11] ) and estimated for Al 2 O 3 with σ 6 = 8×10 9 cm −3 ps −1 (cm 2 /TW) 6 and α=6 cm 2 /J.
FIG. 4:
Calculations of net surface charge density as a function of time for a laser fluence slightly above the oneshot ion emission threshold for each material. Maximum of laser pulse at t=0 (FWHM =100 fs). Note the change in the scales.
The spatially and temporally dependent laser power inside the dielectric is determined by the optical response of a free electron plasma and the vacuum-plasma interface, being given by the complex dielectric function and Fresnel formulas [10] [12] with a damping term ωτ=3 to match reflectivities of 70% for supercritical electron densities [13] . Attenuation of the laser pulse due to multiphoton ionization is also taken into account. We consider a statistical distribution of free electronic momenta in a dielectric, where the vacuum level is close to the conduction band minimum and only electrons with a momentum component normal to and in the direction of the surface can escape. Thus, we assume that on average half of the free electrons produced by multiphoton ionization and avalanche are immediately photoemitted from a layer near the surface. Maximum photoemission occurs from the surface grid cell and decreases exponentially towards the bulk giving the photoemission term:
with the electron escape depth, l = 1 nm [14] .
The hole density is given by a similar equation as (1) disregarding photoemission, and the electric current density is described as:
with the electron mobility µ=3×10 −5 m 2 /(Vs) (ten times lower than reported in Ref. [15] for a better match to the measured diffusivities [16] ). The drift term was calculated using the Poisson equation. The diffusion coefficient was defined as D = k B T e µ e /e.
We use basically the same approach as described above for Si. We consider both one and two-photon ionization. The cross sections for photoionization were taken from Ref. [12] as was the reflection coefficient. We add an equation for hole generation and consider both the electron and the hole current density (µ e = 0.15 m 2 /(Vs); µ h = 0.045 m 2 /(Vs)). The photoemission term was treated analogously to that for metals [17] [18], see below.
The metallic case is considered as a plasma with a supercritical electron density. The system of equations used to describe the electric field generation consists of the heat flow equation for electrons (eq.4) [19] (lattice coupling was neglected on this short time scale), the equation for the electric current density, the continuity equation (1) without source/sink terms and the Poisson equation .
T e and T l are the electron and lattice temperatures respectively, C e is the electron heat capacity. K e,0 (T e /T l ), the thermal conductivity of the electrons, and the energy source term S are given as in [19] . The photoemission condition was given as J S = ηS 3 [17] . Since we are here interested in testing the hypothesis of macroscopic Coulomb explosion we plot the build-up of net positive charge on the surface of each target as a function of time in Figure 4 . The Gaussian laser pulse is centred at t=0 with a FWHM of 100 fs. The laser fluences used to calculate the charging dynamics are slightly above the experimental ablation threshold [4] [12] . It is immediately clear that the net charge is much larger for the dielectric target than for the metal or semiconductor. It also shows quite different time behavior, being retarded, instead of roughly following the laser pulse envelope as for metals and semiconductors. If we estimate the magnitude of the electric field at the surface of Al 2 O 3 , due to the net accumulation of positive charge, and assume that this field exists for 50 fs (FWHM) we can asses the velocity with which the Coulomb exploded Al + ions are emitted from the surface based on momentum conservation laws. This is 2.3×10 4 ms −1 , in excellent agreement with the experimentally determined values for Al 2 O 3 [3] .
In conclusion, we have studied, both experimentally and theoretically, the dynamics of electronic and lattice excitation and material removal in ultrafast laser ablation of dielectrics, semiconductors and metals. Different dynamical behaviour is observed that has important consequences for the mechanisms of material removal. In particular, it is possible to obtain a very high charging of dielectric surfaces that can lead to a macroscopic Coulomb explosion of the top surface layers. The calculations are in good agreement with fs pump-probe studies and measurements of velocity distributions of emitted ions.
